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weak 13C lines with the large proton lines, the sample
was perdeuterated. A detailed study of the various
relaxation mechanisms, contributing to the *C-ENDOR
enhancement is in progress.

For nuclei with a gyromagnetic ratio considerably
smaller than that of protons, discouraging large NMR
fields are to be expected according to eq. (8). With
nitroxide radicals as an example, LENIART et al.1® have
shown that by means of the rf enhancement factor,
which increases the effective NMR field at the nucleus,
ENDOR-in-solution for such nuclei will nevertheless be
possible, provided the isotropic hfs coupling constant is
sufficiently large. From a simple physical picture?’ the
effective NMR field can be deduced to be
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where A’ is the isotropic hfs constant in gauss.

For the radicals studied A’ was in the order of 15 gauss,
resulting in an enhancement factor of 21.

By use of this formula, we can estimate that for any
nucleus ENDOR-in-solution will be possible if 4’ is at
least in the order of 10 gauss. For this estimate we have
required, that the rf induced transition rates should be
the same as for protons, equal NMR line widths provided.

The ENDOR spectra of N and 3C nuclei have one
feature in common: The two ENDOR lines are of differ-
ent intensity, and the intensity ratio depends on the
m-value of the saturated EPR transition. As can be
seen from Fig.3, this can be explained by considering
cross relaxations with the rates W, and W, . Generally
these rates are different. In the limiting case of fast
tumbling (w,tTg < 1) and predominant anisotropic
electron nuclear.dipole dipole interaction one obtaines

W.,=4W, and W, = % W, 1%. Obviously there is a

difference in the effectiveness of these additional relaxa-
tion paths when saturating different EPR transitions.
By increasing the viscosity of the solvent, and thereby
Tg, cross relaxation can be switched off3%, resulting in
nearly equally intense ENDOR lines.

5. ENDOR in liqguid crystals

When performing spectroscopy in isotropic solvents
information is lost because the measured interactions
represent only the traces of the tensors in the correspond-
ing Spin-Hamiltonian, whereas anisotropic contributions
are averaged to zero by the Brownian motion of the
molecules. Only in favourable cases, the width of the
hyperfine lines can be used to extract some information
about anisotropic interactions.

However, by using a liquid crystal as solvent, the
molecular motion of the solute molecules can be restrict-
ed in such a way that they become partially aligned. In
magnetic resonance experiments liquid crystals with a
nematic mesophase are especially suitable, because an
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alignment can be achieved by magnetic fields of some
kilogauss?3,

As a consequence the positions of the hyperfine lines
now depend additionally on the magnitude of the aniso-
tropic interactions and on the degree of alignment.

The magnitude of the shift of the hfs lines between
isotropic and nematic phases is given by30:

’ 1 ’ ’
Aa = 033 Ay; + 3 (03— 0y,) (A;;—Az2)  (11)

where the O;, = % (31,1, —1) and the 4); are the ele-

ments of the traceless ordering and hyperfine tensors,
respectively (I, is the direction cosine between the
molecular axes i and the magnetic field direction).
If at least one of these tensors is axially symmetric,
eq. (11) reduces to
' Aa = 04y - Ay,. (12)

From the measured shift one can therefore deduce the
ordering parameter when the hyperfine tensor component
is known or vice versa. From the sign of the shift it is
furthermore possible to determine the sign of the iso-
tropic hyperfine coupling constant and thereby the sign
of the 7 spin density .

With Epr these advantages of liquid crystals have
been demonstrated already in some detail®® 5!, When
applying these ideas to ENDOR, the main difficulty
arises from finding a suitable liquid crystal. Because of
the complex relaxation mechanisms which are responsi-
ble for proton ENDOR enhancements, one is restricted
to solvents of rather high viscosity®. Unfortunately,
common liquid crystals like p-azoxyanisole exhibit
nematic properties at rather elevated temperatures
where their viscosity is quite small. Very recently,
however, room-temperature liquid crystals of high
viscosity became available. Good END OR enhancements
could be achieved in the «Phase IV» liquid crystal
(Merck, Darmstadt)3,

We have performed ENDOR in liquid crystal experi-
ments on the radicals: perinaphthenyl (PNT), tri-t-
butylphenoxyl (TBP)%, and some nitroxide radicals35.
PNT was chosen to probe the degree of order of the new
solvent “ Phase IV”. The TBP radical was studied in the
liquid crystal because the determination of the signs of
the splitting constants was necessary to test the predic-
tions of different Mo theories.

The nitroxide radicals were investigated to determine
the quadrupole coupling of a molecule in solution35, For
molecules in isotropic solutions quadrupole interactions
cannot produce stationary lineshifts, as the interaction
is represented by a traceless second rank tensor, the
contribution of which is averaged to zero by rapid
tumbling.

Even if the solute molecules are partially aligned by
a nematic liquid crystal in a magnetic field, the quadru-
pole interaction cannot influence the positions of the
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Fig.10 shows the nitrogen ENDOR spectra of tanol in
the isotropic and nematic phases. The influence of second
order and cross relaxation effects on the spectra are
discussed elsewhere35. The interpretation of the observed
quadrupole shift requires axial symmetry of either the
ordering or quadrupole tensors. For the nitroxide radi-
cals studied the asymmetry part in (18) turned out to be
so small that a value of

e2qy Q/h = —2.5 MHz

could be extracted (0,5 can be easily obtained from EpPr
measurements %),

Because the sign of the 1N hfs splitting constant can
be safely predicted, these experiments yield even the
sign of the quadrupole coupling. This result could be
rationalized by a TownNEs-DAILEY population analysis
of the nitrogen bonds. The theory predicts that the main
“contribution to the observed splitting comes from the
unpaired sz-electron.
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Appendix

Literature survey of ENDOR in liquid solution work

I. Experimental techniques (2, 8, 10, 22, 28, 36)
II. Theory (3, 5, 7, 13, 14)
III. Proton ENDOR of neutral radicals

1. Triphenylmethyl and its derivatives (2, 4, 9, 10, 12, 13,
15)

2. Diphenylmethane derivatives (11)

3. Perinaphthenyl (33,34)

4. Pentaphenylcyclopentadienyl and its methyl derivati-
ves (23, 25)

5. Phenoxyl radicals and their derivatives (1, 2, 6, 16, 20,
28, 32, 33)

6. Nitroxide radicals (8, 19, 27, 35)

7. Phenylsubstituted imidazyl and pyrryl radicals (30)

8. Flavin radicals (8)

IV. Proton ENDOR of ion radicals

1. Pure aromatic hydrocarbon radicals (2, 18, 26, 29, 31
34)

2. Semiquinone radicals (2, 17, 21, 22)

V. Non -proton ENDOR
. 1F in hexakis (trifluoromethyl)benzene anion (13)
2 14N in nitroxide radicals (19, 35)

3. 13C in benzophenone anion (37)
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